An empirical equation that is a function of mineral-melt partition coefficients is used to explain how the rare earth elements (REE) partition into minerals during closed-system crystallization of coarsely-crystalline rock. The concentration of any REE in a mineral as described by this equation is shown to depend on two factors: (1) the affinity of the mineral to incorporate the REE relative to the affinities of all the other minerals in the rock to incorporate that REE and (2) the modal abundance of the mineral in the rock.
INTRODUCTION
Mineral-melt partition coefficients of trace elements, especially the rare earth elements (REE), are widely employed to model igneous processes such as partial melting and crystal fractionation (McKay, 1989) .
Equations that quantify these processes (Neumann et al., 1954; Schilling, 1966; Cast, 1968; Shaw, 1970) are functions of these coefficients and explain how silicate melt compositions are affected by the interaction of the magma with mineral phases. The partition coefficient (D1* ) is defined as the concentration of an element in a mineral (CMIN ) relative to its concentration in a coexisting liquid (CL ) or whole-rock (C^), the latter represented by either a quenched glass or fine-grained matrix.
Most REE partition coefficients are determined by measuring the trace element concentration in a small (<10%) fraction of mineral crystals and in the surrounding matrix (McKay, 1989) .
Published partition coefficients indicate a consistent tendency for certain minerals to selectively incorporate certain REE from coexisting melts (Irving, 1978; Irving and Frey, 1984) . Therefore, variations in the shapes of REE patterns in magmatic liquids can indicate the mineral phases with which the liquid last equilibrated (Hanson, 1989) .
There are no studies that quantify REE partitioning among the constituent minerals of coarse-grained rocks. Examples of these are ultramafic rocks that contain olivine (ol), orthopyroxene (opx), clinopyroxene (cpx), spinel (spn) and garnet (gar). It is apparent from comparing REE concentrations in individual minerals to those in the host whole-rocks (Reid and Frey, 1971; Kurat et al., 1980; Bodinier et al., 1987; and Song and Frey, 1989) that D values cannot be calculated by the relationship D 1* = c^/C^ (McKay, 1989) .
For example, in ultramafic rocks that contain garnet, the coexisting cpx is very depleted in the HREE (e.g., Philpotts et al., 1972; Bodinier et al., 1987) , but no such depletion is observed in cpx that is experimentally equilibrated with silicate melts.
Because REE abundance ratios for some coexisting mineral pairs produce consistent patterns (e.g., Philpotts et al., 1972; Stosch, 1982) , it is commonly accepted that REE concentrations in coexisting minerals are directly related to their partition coefficients.
However, plots of REE abundance ratios exhibit a considerable range (as much as a factor of three) that is unexpected for rocks that are compositionally similar and that most likely crystallized under similar temperatures and pressures.
This observation suggests that REE partition coefficient ratios (i.e., o^1 / 0^2 ) are not equivalent to their corresponding abundance ratios (c^'/c^2 ) .
Equilibrium partition coefficients of the REE are functions of temperature, pressure, and mineral and melt compositions (see McKay, 1989) , but these partition coefficients are independent of the types of co-crystallizing mineral phases. Thus, when modeling crystal fractionation processes involving a multi-phase mineral assemblage, the bulk D value for the rock is defined as the sum of XMR3DMIN/ w^ere XMIN is the weight fraction of each mineral phase and DMtR ^s the individual mineral-melt partition coefficient.
The individual D values are not adjusted based on the types of coexisting mineral phases in the assemblage; therefore, variations in D values related to the presence or absence of certain minerals cannot be used to explain the REE abundance patterns for the minerals in multi-phase rocks.
This paper presents an empirical equation that successfully accounts for the observed REE compositions of minerals in ultramafic rocks. The equation describes the REE concentrations in a specific mineral to be dependent on all the constituent minerals in the rock (i.e., on all the mineral-melt partition coefficients) and on the modal abundance of the mineral in the rock. In previous calculations of this type, only pairs of mineral-melt partition coefficients were considered in estimating the REE concentrations in a coexisting mineral; the influence of other minerals in the rock were ignored. Calculations using the proposed equation are applicable to any rock that has crystallized under closed system conditions, which are defined as (1) primary crystallization of mineral phases from a volume of liquid or (2) recrystallization of minerals in a closed system composed of rock and an introduced liquid (metasomatism). A primary reason for deriving this equation was to examine the role of mineral-mineral partitioning during metasomatic alteration, and all discussion is oriented towards this application. Although other models of mantle metasomatism based on REE abundances have been proposed (Prinzhofer and Allegre, 1985; Navon and Stolper, 1987; Bodinier et al., 1990; Liang and Elthon; , these models (1) are generally limited to considering mantle rocks with very low initial REE concentrations and/or low bulk D values (e.g., dunites and harzburgites); (2) are highly dependent on the location in the mantle of the individual xenolith relative to an ascending magma, which develops a wide-ranging REE pattern; or (3) predict REE variations in wallrocks as a function of distance from the vein that are not observed in the Dish Hill xenolith. The mineral-mineral partitioning equation was derived to provide a more general solution that quantitatively accounts for the variations in both REE abundances and patterns under a wide variety of mantle metasomatic conditions.
GARNET PYROXENITE REE DATA
Examination of REE abundance patterns in minerals of ultramafic rocks and of other rock types, such as metamorphic granulites (e.g., Grauch, 1989) , suggests that an important process in producing these patterns is some form of mineral-mineral interaction. As stated above, ultramafic rocks that contain garnet show unusually depleted HREE abundance patterns in coexisting clinopyroxenes.
The questions arise: (1) Can experimentally derived mineral-melt partition coefficients account for the observed REE abundance variations in the constituent minerals; and (2) Are there other mineralogical factors that affect the REE concentrations in the minerals?
The sample selected for this examination is a garnet pyroxenite from Salt Lake Crater, Hawaii, that contains mineral phases with contrasting mineral-melt partition coefficients. High-quality REE data for the whole-rock, garnet and clinopyroxene (Reid and Frey, 1971 ) are reproduced in Table 1 .
The reported modal composition is 65% cpx, 18% gar and 17% ol+ component (ol, opx and spinel) .
The chondrite-normalized REE patterns for the whole-rock, cpx and gar are depicted in Fig. 1 . No REE data are available for the ol+ component.
REE MINERAL-MINERAL PARTITIONING EQUATION
The fundamental requirement for deriving the equation to calculate REE concentrations in a mineral (c1^1 ) was that it take into account the affinity of all the constituent minerals in the rock to incorporate the REE.
The affinity of a mineral to incorporate a REE is assumed to be proportional to its partition coefficient.
The mineral-mineral partitioning equation to calculate C1^1 must also satisfy the mass balance requirement that KMINC* + *bCb + *CCC + ---= C^, where x,^, xb , xc , etc., are the weight fractions of mineral phases MIN, b, c, etc. , in the rock; CMD% Cb , C°, etc., are the concentrations of any REE in the minerals; and C^ is the concentration of any REE in the wholerock.
The equation that was ultimately derived describes the relative concentration of a given REE in a mineral phase as a function of the ratio DMIN/sumD, where D* * is the mineral-melt partition coefficient for that phase and sumD is the sum of the partition coefficients for all the mineral phases in the rock. The D^^/sumD ratio is comparable to a weighting factor that expresses the relative influence of a given mineral on the overall partitioning of a REE in a closed system.
From mass balance requirements, the equation defines the absolute REE concentrations in a mineral phase to be inversely proportional to the weight fraction of the mineral (XMJN) in the rock.
The general form of this equation is:
where D* *, Db , Dc ... etc., are the respective mineral-melt partition coefficients of a REE for phases MIN, b, c, etc. The garnet pyroxenite data were used to test the validity of Eqn. 1. Whole-rock concentrations (CWR ) and the mineral data for cpx (xcpx=0.65 and Ccpx ) are incorporated in Eqn. 1 to calculate for each of the REE, the ratios Dcpx/sumD, where sumD = D^+D^+D^+D^+D81"1 . On the basis of these calculated ratios and the published D values for cpx of Irving and Frey (1984) , the apparent D values for garnet 1. Concentration are interpolated data of Reid and Frey, 1971 ; actual REE data are plotted in Figure 1 .
2. DCPX/Sum D = RATIO = 0.65*CCPX/CWR using the cpx (Ccpx ) and whole rock (Cw ) concentrations from this table.
3. Irving and Frey, 1984. 4. DGAR = (Dcpx -RATIO*DCPX )/RATIO are determined. In this exercise, it was only of interest to determine if Dcpx/sumD ratios and the relative REE concentrations in cpx are correlated with Dgar values; therefore, the partition coefficients for ol, opx and spinel were set equal to 0. The calculation of D$*T from Dcpx was made because the published D values for cpx are less variable than those for garnet and the REE abundance pattern in cpx is better constrained by the analytical data.
Results of the calculations are presented in Table 1 and Fig.  2 . As depicted in Fig. 2 , the calculated values of Dgar for the REE are consistent with published experimental values of Dgar under mantle conditions (Shimizu and Kushiro, 1975; Irving and Frey, 1978) .
This agreement suggests that the garnet pyroxenite crystallized at or near equilibrium conditions.
The larger discrepancy in the Dgar values for La is explained by the omission of the ol, opx and spinel phases that have D values for La that are comparable to the Dgar values.
Probably the most important feature of Eqn. 1 is its ability to predict the relative proportions of minerals in a rock and the required partition coefficients, provided that the REE compositions of the minerals are known. As indicated from simple mass balance, the concentration of any REE in the garnet pyroxenite whole-rock (C^) is given by: xcpxccpx + xgarcgar + x01+c°1+ = c .
(2)
In this equation, xcpx , xgar and xol+ represent the weight fractions, and Ccpx , Cgar and C°1+ are the REE concentrations, of cpx, gar and the composite ol+opx+spinel phase, respectively. Because the composition of the ol+ phase is not available, the REE concentrations in this component will be estimated from other published mineral data for use in subsequent calculations. By substituting this expression for C^ into the form of Eqn. 1 that expresses ccpx concentrations, the following equation is obtained:
sumD xcpx sumD xcpx sumD where sumD = Dcpx+Dgar+Dol+ . A set of these equations, one for each measured REE, is used to calculate the relative weight fractions xgar/xcpx and xol+ /xcpx in the whole-rock. The solution does not require that the whole-rock concentrations be known. The calculation of Ccpx concentrations is made because most of the REE are contained in cpx.
The method for determining values of xgar/xcpx and xol+ /xcpx is as follows: The Dcpx/sumD ratios are first estimated for each REE using published partition coefficients. The values for Dgar calculated in the preceding evaluation are ignored. These ratios are multiplied by the respective measured REE concentrations for cpx (Ccpx ) , gar (Cgar ) and ol+ (Col+ ) . The values of xgar/xcpx and xol+ /xcpx that satisfy the matrix of these equations for each selected REE are determined by multi-linear least-squares regression analysis (MLRA) methods. It is assumed that the REE partition coefficients for cpx relative to the sum of all the minerals are known exactly, and, therefore, the coefficient of the first terms in Eqn. 3, designated as TOT in Table 2A , is set equal to 1.0.
The input parameters and the results of the preliminary calculations are presented in Table 2A .
Although these calculations were complicated by the lack of REE data for the ol+ phase, a reasonable estimate of this composite phase was obtained from published mineral data for ol, opx and spinel (Frey, 1970) . There is, however, very poor constraint on the xol+ /xcpx ratio, as indicated by the large uncertainty of this value (Table 2A) . The differences between the calculated (Eqn. 3) and observed C*** concentrations are attributed to the selection of inappropriate D values for the REE at the conditions under which the garnet pyroxenite crystallized. On the basis of these differences, the D8" and Dol+ values are adjusted to produce a better fit to the observed cpx composition.
Values of Dcpx are not adjusted because these values are considered to be relatively invariant. The partition coefficients for gar and ol+ are raised about 10% for the middle REE and lowered by ~20% for Yb and Lu. Least-squares calculations were repeated using these adjusted values (Table 2B ). The ratios of xgar/xcpx and xol+ /xcpx changed only slightly from 0.47 to 0.45 and from 0.35 to 0.27, respectively. The weight fraction of cpx is estimated to be 0.58 (or 58%) from the relationship 1 + xgar/xcpx + xoi+/ xcPx = l/ xcp\ anc* using calculated values of xgar/xcpx=0.45 and xol+ /xcpx=0. 27. For xcpx=0.58, the estimated weight fraction of garnet is 0.26 (26%) and of the ol+ phase is 0.16 (16%). These estimates compare favorably to the reported modal abundances of 65% cpx, 18% gar and 17% ol+opx+spinel and indicate that the relative proportions of mineral components in a rock can be derived using the REE concentrations in the minerals and reasonable estimates of the D values for the mineral phases. This type of calculation also provides a basis for determining the most appropriate mineral-melt partition coefficients for the conditions of crystallization.
THE PARTITIONING MODEL FOR A HYPOTHETICAL AMPHIBOLE:GARNET PYROXENITE
In order to better understand how the mineral-mineral partitioning equation was applied to the process of mantle metasomatism, a form of Eqn. 1 was applied to a hypothetical rock "system" composed of the same garnet pyroxenite mineral assemblage described above, plus an enclosing metasomatic liquid with a bulk composition equivalent to a mafic amphibole. The concentrations of all the REE in the liquid (CL ) are taken to be lOOx chondrite. The garnet pyroxenite is assumed to be impermeable to the liquid so that magma infiltration does not affect the final garnet pyroxenite composition.
The time-temperature-pressure conditions for solid/melt interaction were sufficient, however, to allow for complete equilibration of the REE between the solid pyroxenite and liquid prior to the crystallization of the liquid to amphibole. The transport mechanism of REE partitioning, therefore, is solely diffusion.
The equation suggested to account for the REE concentrations in the metasomatically altered garnet pyroxenite is, by analogy to Eqn. 1:
where DGP is the bulk partition coefficient of any REE for the garnet pyroxenite (DGP = 0.65Dcpx + O.ISD8" + 0.17D°1+ ); DAMP is the partition coefficient of any REE for the amphibole; CSYS is the concentration of any REE in the system composed of garnet pyroxenite plus liquid; XGP is the weight fraction of garnet pyroxenite; and CGP~ALT is the concentration of any REE in the altered garnet pyroxenite.
In the following application of this equation, it is assumed that there are equal weight fractions of the liquid and garnet pyroxenite in the system; i.e. xL=xGP=0.5. A REE concentration in this system (CSYS ) is therefore equal to 0.5CL + 0.5CGP . Because equilibrium conditions are assumed (i.e., the REE in both the garnet pyroxenite and the liquid are available to exchange and reequilibrate) , the REE of the garnet pyroxenite are included in the system. During crystallization of the liquid to amphibole, the CSYS concentrations are distributed into the solid amphibole (CAMP ) and the altered garnet pyroxenite (CGP"ALT ) in response to the partitioning effect between these two solid phases under the conditions of closed system crystallization.
Thus, at the completion of crystallization, the CSYS concentrations are also given by 0. 5CAMP + 0. 5CGP~ALT , assuming that REE exchange does not appreciably affect the weights of the phases.
In Eqn. 4, the mineral phases in the garnet pyroxenite are not considered independently, but rather the garnet pyroxenite is treated as a single phase with a bulk D value (DGP ) that is calculated in the same manner as a multi-phase mineral assemblage. Because the host garnet pyroxenite is assumed to be impermeable to the liquid, it is reasonable to conclude that individual mineral grains (e.g., cpx, gar, ol+) did not directly partition the REE from the magma. The REE concentrations that are predicted for the crystallized amphibole (CAMP) and altered garnet pyroxenite (CGP~ALT) using Eqn. 4 are given in Table 3 . The CSYS concentrations used in this example (Table 3) are calculated from the equation xLCL + xGPCGP , using the CL and CGP concentrations of Table 3 and xL=0.5 and xGP=0.5. The DAMP and DGP values suggested to be operative under the conditions of crystallization are also given in Table 3 .
The chondrite-normalized REE abundance patterns of the calculated amphibole and altered pyroxenite are depicted in Fig. 3 .
The results of this and similar calculations in which the weight fractions of liquid (XL ) and garnet pyroxenite (XGP) were varied indicate that the REE concentrations in the original liquid (CL) can be expressed by the following empirical relationship:
A form of this equation is used below to estimate the composition of the original metasomatic liquid that interacted with a spinel Iherzolite to produce the Dish Hill composite xenolith.
COMPOSITE PERIDOTITE-HORNBLENDITE XENOLITH REE DATA
A detailed description of the mineralogy and geochemistry of sample BA-2-1, a metasomatized composite peridotite-hornblendite xenolith of Dish Hill, CA, is presented elsewhere (Wilshire et al., composition in system composition in system.
1980; Nielson and Noller, 1987; Nielson et al., 1993) . This sample is a hydrous chrome-diopside-bearing spinel peridotite xenolith about 17 cm wide with a thin (<7 mm) hornblendite selvage at one end. This hornblendite is composed primarily of kaersutitic amphibole, but contains minor apatite and phlogopite. Major, minor and trace element abundances (including eight REE) were determined for five subsamples of the peridotite (Nielson et al., 1993) , but only the REE data are presented here (Table 4 , Fig. 4 ) . These subsamples, designated WR-1 through WR-5, are about 1 cm wide and were taken at increasing distance (as much as about 8 cm) from the amphibole selvage.
The more distant subsamples, WR-4 and WR-5, exhibit the most LREE-depleted patterns and are assumed to represent unaltered or unreacted peridotite. The subsamples closer to the selvage, WR-3 through WR-1, are progressively more REE-enriched relative to the unaltered samples. These three subsamples also contain pargasitic amphibole components of variable composition (Wilshire et al., 1988) . Clinopyroxene separates from each subsample were analyzed for nine REE (Table 5 and Fig. 5 ) .
Although a sample of the amphibole-rich selvage was not available for analysis, the REE (Menzies et al., 1985) .
2. REE concentrations in the amphibole vein of BA-1-72 composite xenolith (Menzies et al., 1985) . REE concentrations in cpx of BA-1-72 from Menzies et al., 1985 compositions of amphibole selvages from this and another composite xenolith from Dish Hill are reported by Menzies, et al. (1985) . These two amphibole selvages are very similar in REE composition (Table 4) , and an average composition (Fig. 4) is used in the model calculations. The concentration of Tb required for modeling was interpolated from the available chondrite-normalized REE abundance data; the concentration of Lu was extrapolated. The REE data of this xenolith are used in combination with the empirical equation (Eqn. 1) to calculate the apparent partition coefficients of the amphibole and peridotite that were operative under the conditions of mantle metasomatism, and, therefore, to account for the observed REE variations in the peridotite. There are two basic assumptions for this model.
(1) The hornblendite selvage crystallized from a metasomatic liquid that was brought into contact with the peridotite. This assumption is supported by the observation that kaersutite amphiboles commonly occur in dikes in massive peridotites (Wilshire, 1984; Wilshire et al. , 1988) . (2) The amphibole and the peridotite have not been altered by subsequent mantle processes. These assumptions imply that the REE of the original, introduced metasomatic liquid are now contained in the hornblendite selvage and in the REE-enriched peridotite subsamples, WR-1 through WR-3.
As shown in Fig. 6 , calculations that assume simple mixing (Fig. 7A ) of the amphibole vein material with unreacted peridotite (either WR-4 or WR-5) produce LREE-enriched abundance patterns that are grossly similar to those observed in the metasomatized WR-1 and WR-2 subsamples. However, these calculations fail to account for two distinctive features of the REE patterns: (1) the positive Eu anomaly (i.e., (Eu/Sm) N is about 1.0) in the WR-1 subsample and (2) the U-or V-shaped REE pattern of WR-2 (Fig. 6) . The positive Eu anomaly is analytically significant and is confirmed by similar Eu anomalies in the clinopyroxene of WR-1 and in a cpx phase contained in another Dish Hill xenolith (BA-1-72; Fig. 5 ) reported by Menzies et al. (1985) . From these discrepant features, it is inferred that some type of mineral-mineral partitioning (Figs. 7B and 7C) during the metasomatic process has created the REE patterns in WR-1, WR-2 and WR-3 subsamples. Simple mixing is regarded to be limited to within a few millimeters of the peridotite-hornblendite contact in modifying the REE compositions of this xenolith.
REE PARTITIONING MODELS FOR MANTLE METASOMATISM
In contrast to the hypothetical amphibole-garnet pyroxenite system, the BA-2-1 composite xenolith cannot be treated as a simple two-component system. It is apparent from the variations in REE abundance patterns among the subsamples (Fig. 4) that the entire peridotite portion of the xenolith is not in equilibrium with the amphibole vein. Nevertheless, equilibrium conditions may have been attained or closely approached on the scale of individual subsamples.
The approach of each subsample to an equilibrium condition can be estimated by modeling REE partitioning using a "subsystem" composed of a single peridotite subsample and the amphibole vein.
The three subsystems that are modeled utilize subsamples WR-1, WR-2 and WR-3. Each calculation utilizes the REE composition of the given subsamples (Table 4) , an averaged REE composition of the amphibole (see below) and a form of Eqn. 1. The apparent partition coefficients for the peridotite subsample and amphibole that are required to produce the observed REE patterns of each subsample are calculated.
The extent to which these calculated partition coefficients approximate the accepted equilibrium values indicate the degree of equilibration between each subsample and amphibole.
In the following calculations of REE mineral-mineral partitioning, the REE data for the subsample and amphibole are considered along with the REE data of the constituent cpx mineral. Two versions of the metasomatic process are modeled.
The first version is similar to the hypothetical amphibole:garnet pyroxenite example and assumes that the REE completely equilibrated between the subsample and the original metasomatic liquid prior to crystallization to amphibole. This "equilibrium" version ( Fig. 7B) quantifies the relative proportions of amphibole and peridotite subsample and operative partition coefficients involved in the metasomatic process. The second "non-equilibrium" version ( Fig. 7C) assumes non-or partial equilibration between the subsample and the amphibole and attempts to define the REE abundance pattern of a metasomatic component that is introduced to the subsamples. The nature of this metasomatic component depends on the mechanism of REE transport during partitioning.
If the transport of REE is largely controlled by diffusion as suggested by Harte et al. (1987) , this component could be considered an atomic constituent of the peridotite. Regardless of the details of REE transport, the metasomatic component is assumed to have originated from the metasomatic liquid and to have imprinted its REE pattern over the existing subsample pattern. As discussed below, the REE patterns of the metasomatic components are constrained using the REE data of the cpx mineral phases of each subsample. In this version, the REE in the system (CSYS ) are those contained in the amphibole-bearing vein and the WR-1 subsample and are assumed to have partitioned freely between these two components during melt introduction and crystallization. The concentration of any REE in the amphibole vein is designated CAMP and the concentration of any REE in the WR-1 subsample is C^"1 . Both sets of concentrations are the analytically determined values. By simple mass balance, the concentration of any REE in this system is: where D^'1 is the bulk partition coefficient of any REE for the WR-1 peridotite; DAMP is the mineral-melt partition coefficient of any REE for the amphibole vein; CSYS is the concentration of any REE in the system composed of amphibole plus WR-1 (Eqn. 6) ; x^.j is the weight fraction of WR-1 involved in the metasomatic process (equivalent to the x^.j value of Eqn. 6) ; and C^'1 is the concentration of any REE in the WR-1 subsample. By substituting the expression for CSYS given by Eqn. 6 into Eqn. 7, the CSYS term is eliminated to give:
Following the procedure outlined in modeling the garnet pyroxenite, the D^'1 / (DWR"1+DAMP ) ratios for each REE are first estimated using literature values of mineral-melt partition coefficients. The initial estimate for the DWR"1 values are based on a peridotite assemblage composed of 15% cpx and 85% ol+opx+spinel, (i.e., D^'1 = 0.15DCPX + 0.85DOL+ ) and the Dcpx and DOL+ values presented in Table 6A . Although a better estimate of the D^"1 values would include an interstitial amphibole contribution, the initial calculations require only reasonable estimates for the D values. The DAMP values in Table 6A are those of Irving and Frey (1984) . The estimated values of D ratios are then multiplied by the observed C^'1 and CAMP concentrations as in Eqn. 8.
It is assumed that the first terms in Eqn. 8 are exact and the coefficient of these terms, designated as TOT in Table 6A , is constrained to be 1.0. The optimal value of XAMP/XWR.!, the relative weight fraction of amphibole versus WR-1, is calculated from the set of equations, one for each REE, utilizing MLRA. The matrix of input parameters used in the preliminary calculation of together with the results are presented in Table 6A . The differences between the calculated (by Eqn. 8) and observed c^"1 concentrations are minimized by adjusting the original estimated D^'1 and DAMP values and, therefore, optimizing D**'1 / (Dw-I+DAMPJ ^ These differences require 30-50% higher D^'1 values for the LREE and MREE (Fig. 8 ) in order to produce the observed LREE enrichment in WR-1 and could be interpreted to indicate the effect of interstitial amphibole. The calculations were repeated using the adjusted D values (Table 6B ) .
The result indicates that roughly equal weight fractions of the amphibole vein and WR-1 peridotite (i.e., XAMP/ XVW-I -1-0) would have been involved in the re-equilibration and exchange of the REE, if the metasomatic partitioning process had been confined to this subsystem.
This ratio corresponds roughly to the amount of intruding amphibole-bearing liquid relative to the original peridotite subsample that was metasomatized and not to a infiltrated amphibole/wallrock ratio that is calculated from a simple mixing model (see Fig. 7 ) . Because the adjusted partition coefficients for DAMP and D^'1 are not significantly different from equilibrium values, it is suggested that the amphibole: WR-1 subsystem represents equilibrium partitioning of the REE. The REE concentrations of the original amphibole-bearing liquid in this system (CL1 ) are estimated from the equation:
which is analogous to Eqn. 5. The results are presented in Table  7 .
(B) Further constraints on solutions based on cpx separates from WR-1
The results of the partitioning model using the REE data of the cpx separates from WR-1 and the host subsample indicate that additional constraints can be placed on the choice of operative D values for amphibole and WR-1. The initial form of Eqn. 1 used to account for the REE concentrations of the clinopyroxene (CPX-1) in WR-1 is given by the following expression:
[DCPX-I /(DCPX-I + DOTHER )]CWR-I /XCPXI = ^PX-I^ (1Q)
where ncpx-1 is the mineral-melt partition coefficient of any REE for the clinopyroxene in WR-1; DOTHER was assumed to be the sum of the mineral-melt partition coefficients of any REE for the other mineral phases in WR-1, excluding cpx; CWR"1 is the concentration of any REE in WR-1; x^^ is the weight fraction of CPX-1 in WR-1; and QCPX-I ^s tne concentration of any REE in the CPX-1 separate. 1. Partition coefficients for WR-1 and CPX-1 using Eqn. 10, measured c^"1 and a0**"1 concentrations, and ^cpx-i= 0 215.
2. Partition coefficients for amphibole using Eqn. 8 and D values for WR-1 of this table.
3. Calculated CPX-1 concentrations using Eqn. 10. The Gd concentration is calculated using an interpolated Gd value for WR-1.
Using this equation and the measured C^"1 and c01*"1 concentrations, a set of Dcpx~l , DOTHER and x^^ values are calculated that best account for the observed c01**"1 abundances. This approach was taken because of the uncertainties in the modal compositions and, therefore, the weight fractions of cpx (XCPX^) in the subsamples (Nielson et al., 1993) . Nevertheless, the value of xcpx. 1=21.5% calculated from Eqn. 10 compares favorably to the counted cpx modes of 21.0-22.1% (Nielson, et al., 1993 Values in parenthesis are interpolated chondritenormalized abundances.
1. Estimated chondrite-normalized abundances of the intruding magma, calculated using the compositions given and the equation: CAMP + (XWR-I/ XAMP) ( c *~1 " C *-4 ) ; where xWR.1 /xAMP=l. 0 (Equilibrium version).
2. Estimated chondrite-normalized abundances of the metasomatic component in the WR-1 subsample calculated from the equation: (C *"1 -x^C *-4 )/Iwhere XWR^O.I (Non-equilibrium version). that individual cpx minerals are competing with the entire surrounding modal mineral assemblage (ol+ and cpx) to partition the REE. On the basis of this conclusion, the DOTHER values required for a proper match to clinopyroxene concentrations in the CPX-1:WR-1 model (Eqn. 10) are substituted for D^'1 values in Eqn. 8 to derive the set of DAMP values for the amphibole:WR-l model (Table 6C ) . The initial and final set of D values for AMP-1, WR-1 and CPX-1 are compared in Fig. 8 .
The criteria of internal consistency based onthe equivalence of DOTHER and D** values is applied in all subsequently modeled subsystems.
(C) The Amphibole:WR-l Subsystem -Non-equilibrium version
In this version, the REE in the system (CSYS ) are defined to be contained in the amphibole vein (CAMP ) and in a metasomatic component (CM1 ) that was originally in the metasomatic liquid and has been introduced to the WR-1 subsample. As discussed above, the metasomatic component (M) may represent a diffusion-transported atomic constituent of the peridotite. The REE concentrations in this system are:
where XAMP and xM1 are the weight fractions of the amphibole vein and of the peridotite that contains the metasomatic component. This model differs from the equilibrium version in that only the REE carried by the original intruding amphibole-bearing liquid are considered to be available to partition.
This non-equilibrium version was considered because equilibrium conditions were almost certainly not attained between the amphibole vein and the more distant whole-rock subsamples. This approach also enables the REE composition of the metasomatic component in each subsample to be estimated.
The concentration of any REE in the metasomatic component of WR-1 is described by the same equation (Eqn. 7) that was used for the equilibrium version of partitioning between the amphibole vein and subsample: The procedure used to estimate CM1 abundances is based on the assumption that any change in c^'1 abundances as a result of the metasomatic process would be reflected in the clinopyroxene abundances (i.e., CCPXA ) . The sensitivity of cpx to metasomatic alteration is evident in the positive Eu anomaly in the REE pattern for CPX-1 (Fig. 5) . The model of REE partitioning between CPX-1 and the WR-1 subsample discussed in the preceding section is used to constrain CM1 .
Assuming that c0 "1 will respond to changes in C^"1 during metasomatism, Eqn. 10 can be rewritten by substituting CM1 for C^'1 and ccpx'1M for ccpx'1 1 where ccpx'1M is the metasomatic component introduced to the cpx separate. The expression for CM1 (Eqn. 12) is substituted into the recast Eqn. 10 to give:
and this equation is used as follows to constrain CM1 : (1) The REE concentrations in the metasomatic component (CM1 ) are calculated as the difference between the observed REE concentrations in WR-1 and a fraction of the original REE concentrations, the latter approximated by the concentrations in the unaltered subsample, WR-4.
The calculations are not appreciably different if the WR-5 concentrations are used instead of the WR-4 concentrations. The equation used is:
which is derived from mass balance; Xv^C *4 + (l-xWR4 )CM1 = C *1 . By varying the assumed fractional contribution (x^^) of unaltered end member WR-4 to the mix, different REE abundance patterns are calculated for the metasomatic component. The initial value of KW* was arbitrarily set at 0.1 and subsequent values were increased in increments of 0.1.
(2) Using the CM1 abundances determined from Eqn. 15 for a given XWR^ value, D *'1 , DAMP , XAMP and xM1 are obtained by least-squares calculations utilizing Eqn. 13 (refer to the equilibrium version for the details) .
The CSYS abundances are calculated using Eqn. 11, the CAMP and CM1 concentrations and the preferred values of x and xM1 .
(3) Using these Cs*s abundances, the REE concentrations of the metasomatic component added to the cpx (ccpx'1M ) is calculated using Eqn. 14.
(4) Because it is assumed that the fractional REE contribution of the original cpx abundances to the observed cpx composition is the same as that for the whole-rock subsample (i.e., XWR^XCPX^) , then the cc?x'1 concentrations for the corresponding value of x^.4 are estimated using the following equation:
(5) The agreement between these estimated ccpx'1 concentrations and the observed REE abundances in cpx separates is optimized to constrain the value of x^^ and, therefore, the CM1 values.
The REE composition of the metasomatic addition (CM1 ) to the WR-1 subsample is presented in Table 7 , and chondrite-normalized values are plotted in Fig. 9 . A value of XWR^O.I produced a REE abundance pattern for this metasomatic component that best accounted for the REE abundance pattern of cpx; the estimated ccpx~l abundances are within +2% of the observed abundances. Although the D^"1 and DAMP values obtained in these calculations are similar to the values of the equilibrium version (Eqn. 7) , in subsequent calculations for other subsamples, the plots of D values for the REE determined from the non-equilibrium version were more consistent with plots of experimentally determined values. For example, in the amphibole:WR-2 subsystem, the pattern of partition coefficients plotted for the amphibole based on the equilibrium version was S-shaped, requiring higher D values for La than for Ce. The relative D values presented in the following subsystem calculations, therefore, are those that best accounted for the REE concentrations of amphibole, the whole-rock subsample and cpx from each subsample based on the non-equilibrium version.
(D) The Amphibole:WR-2 Subsystem (both versions)
The partition coefficients used in the preliminary calculations of REE partitioning in this subsystem are the adjusted D values obtained in the calculation in the amphibole:WR-1 subsystem (Table 6C ) . The calculations of REE partitioning between CPX-2 and WR-2 indicate that the middle REE (MREE) concentrations in WR-2 are too low to produce the MREE concentrations in CPX-2. The MREE concentrations in WR-2 are modified to better account for the REE pattern of CPX-2. This correction is equivalent to the addition of about 3% cpx to the split of WR-2 analyzed by INAA.
The equilibrium version calculations for the amphibole:WR-2 subsystem are presented in Tables 8 and 9 . As in earlier calculations, the o^"2 values are constrained by ocpx~2 values to produce the best match with the observed REE concentrations of CPX-2 separates.
These o^"2 values, in turn, require the partition coefficients of the amphibole vein (DAMP~2 ) to be adjusted to account for the observed REE concentrations of WR-2. The adjusted DAMP'2 values are considerably lower for the HREE compared to the DAMP values in the WR-l subsystem. The weight ratio of amphibole vein to peridotite (xAMP/XvK-2) calculated from this model is -0.33. The significance of the lower "apparent" DAMP~2 values and the xAMP/xWR_2 ratio are discussed below. The REE composition of the intruding liquid (CL2 ) is estimated using Eqn. 9 and given in Table 9 .
The REE composition of the metasomatic component (CM2 ) introduced to the WR-2 sample, as calculated from the nonequilibrium version, is given in Table 9 and depicted in Fig. 9 . The REE abundance pattern of this component was estimated using the appropriate form of Eqn. 15. A value of x^^^O.2 best accounted for the metasomatic contribution of REE to the CPX-2 separate. 1. Partition coefficients for WR-2 and CPX-2 using Eqn. 10, modified c^"2 and measured ccpx"2 concentrations, and xcpx_2=0.135.
2. Partition coefficients for amphibole using Eqn. 8 and D values for WR-2 of this table.
3. Calculated CPX-2 concentrations using Eqn. 10. The Gd concentration is calculated using an interpolated Gd value for WR-2.
(E) The Amphibole:WR-3 Subsystem (both versions)
In modeling this subsystem, the REE abundances of WR-3 are also modified to be more consistent with the observed CPX-3 composition.
This correction is equivalent to the addition of about 2% cpx to the WR-3 split. 1. Modified chondrite-normalized composition of WR-2 reflecting the addition of about 3% CPX-2.
2. Estimated composition of the original magma calculated from the equation: CAMP + (x^/x^) (C^'2 -C^) ; where xwR-2/ xAMp=3 °5 (Equilibrium version).
3. Estimated composition of the metasomatic component in WR-2 calculated from (C^'2 -xWR^CWR^)/(l -x^^) ; where XWR^=0 -2 (Non-equilibrium version).
4. Modified chondrite-normalized composition of WR-3 reflecting the addition of about 2% CPX-3.
5. Estimated composition of the original magma calculated from the equation: C AMP ( cWR~3 ~ c ) /' where xwR-3/ xAMp=4 -41 (Equilibrium version).
6. Estimated composition of the metasomatic component in WR-3 calculated from (C^"3 -x^^C^^) / (1 -x^^) ; where 0.5 (Non-equilibrium version).
The relative, adjusted REE partition coefficients for the whole-rock, amphibole and cpx phases in this subsystem given in Table 10 are the most internally consistent set of values derived from the amphibole:WR-3 and CPX-3:WR-3 partitioning models. The adjusted D^'3 values for all the REE are consistently lower than similar values calculated for previous subsamples (WR-2 and WR-1). The "apparent" DAMP~3 values are again required to be lower, not onlyfor the HREE, but also for the MREE.
The xAMP/xvfR.3 ratio determined for this subsystem is about 0.23 and the intruding liquid composition (C°) calculated from Eqn. 9 is given in Table  9 . for the individual subsamples, utilizing a form of Eqn. 8 and this average composition. The initial partition coefficients used for amphibole and peridotite whole-rock are also the average D values derived from the three subsystem calculations.
The results of these calculations indicate that REE partitioning has occurred between the amphibole-bearing vein and a volume of peridotite that is approximately two times the weight of the original magma, under the conditions of metasomatism for the Dish Hill xenolith.
DISCUSSION
Two key features of mineral-mineral partitioning permit this model to conform with observed compositional and physical characteristics of metasomatic rocks more than other proposed models of mantle metasomatism. Because mineral-mineral partitioning is a diffusion-driven process occurring at the atomic level and is inferred to occur among major elements, metasomatic enrichment by this process can take place without any textural or modal evidence of metasomatism and has the potential to account for variable mineral and major element compositions, including the enrichment of Fe, Ti and Al in minerals contained in peridotite wallrocks.
Although simple mixing models produce REE abundance patterns that are generally similar to those observed in these rocks, variations in mineral and major element compositions cannot be explained. For example, interstitial amphibole in the WR-4 and WR-5 subsamples of the Dish Hill xenolith is pargasitic in composition, in contrast to the kaersutitic composition of the vein amphibole. The transition amphibole compositions found in the WR-1, WR-2 and WR-3 subsamples, however, are not simple mixtures of the two (Wilshire et al., 1988) .
Such compositionally distinct secondary-mineral and glass compositions from the vein and wallrock portions of xenoliths are common (Nielson and Noller, 1987; Liang and Elthon, 1990) and provide additional evidence that the metasomatic process is more complex than simple mixing.
The stepwise mass balance and re-equilibration model presented by Liang and Elthon (1990) may allow for variable mineral compositions; however, the predicted change in REE contents with distance from the vein is not consistent with the variations observed in the Dish Hill xenolith. This re-equilibration model calculates the effect on REE contents in wallrocks by an infiltrating melt, which differentiates and subsequently reequilibrates with different portions of mantle wallrock. Because the melt fractionates as it infiltrates the wallrock, different mineral compositions are expected to be produced. Nevertheless, the model suggests that REE concentrations initially increase in the wallrock with increasing distance from the vein until reaching a maxima, then decrease.
These trends are not evident in the Ba-2-1 xenolith, although the scale on which these variations occur in the re-equilibration model is not known.
The disequilibrium melting model of Prinzhofer and Allegre (1985) and the chromatographic column model of Navon and Stolper (1987) have been proposed to explain U-shaped REE patterns in mantle peridotites. The weaknesses of these two models have been discussed by Song and Frey (1989) .
The disequilibrium melting model requires mantle rocks to have very low initial REE concentrations and/or low bulk D values (e.g., dunites), and cannot generate LREE contents in the residue that are greater than those in the source. The chromatographic column model requires that an REE-rich ascending melt develop a wide range of REE patterns as a function of depth. To produce these various U-shaped patterns in peridotite xenolith, the xenoliths must be equilibrium with the magma at particular mantle locations.
In the mineral-mineral partitioning model, specific magma and wallrock compositions and mantle locations are not required. While it is proposed that REE partitioning depends on these compositions, in addition to the time-temperature-pressure conditions of the process, it is the localized variations in these parameters that produce the observed REE patterns in the wallrocks. For example, the differences in the relative affinity between the minerals crystallizing from a magma and the minerals in the wallrock to partition the REE will determine the abundance pattern in peridotites.
The initial emplacement temperature and cooling time of the magma influence these affinities and, therefore, the extent of enrichment in the wallrock at increasing distance from the contact. The operative partition coefficients are a measure of the affinities in the mineral-mineral partitioning process and indicate the degree of equilibration between the melt and wallrock.
In the Dish Hill composite peridotite-hornblendite, the wallrock within 1 cm of the amphibole-bearing vein equilibrated most completely with the introduced magma on the basis of the observation that the REE distribution within the WR-1 subsample can be explained by applying equilibrium partition coefficients. At increasing distance from the contact (2-5 cm), the partition coefficients required to account for the REE abundances in the peridotite are in poorer agreement with accepted equilibrium values.
This suggests that the approach to equilibrium is kinetically hindered. Given sufficiently long times at elevated temperatures, it is conceivable that equilibrium partitioning of the REE would prevail over a larger mantle volume (i.e., at greater distances from the vein). In this case, a REE abundance pattern identical to that of WR-1 would be more widespread throughout the peridotite wallrock; only the absolute concentrations would be lower.
Calculations based on the REE data would quantify the expected increase in the weight fraction of peridotite relative to the intruding magma. This effect is mimicked by the decrease in the calculated x,anp/'X-SUbSampie ratios in successive amphibole:whole-rock models (i.e., x^/x^,,,^,,, decreases from 1.0 in the amphibole:WR-1 subsystem to 0.23 in the amphibole:WR-3 subsystem).
Because the sets of REE partition coefficients from each subsystem (Tables 6C, 8 and 10) are relative values, D values for any element within a subsystem or for all elements in the subsystem can be mathematically adjusted without affecting the results. On the basis of the bulk compositions and inferred partitioning relationships among the whole-rock subsamples, some of the REE partition coefficients are adjusted to be consistent with these effects (Fig. 10) . Specifically, all REE partition coefficients for WR-1, AMP-1 and CPX-1 were increased by about 10%, and the values of Tb, Yb and Lu for WR-2, AMP-2 and CPX-2 were decreased by 10%.
The higher D values for the AMP:WR-1 subsystem primarily account for the differences in the modal abundance of cpx in the WR-1 and WR-2 subsamples (i.e., 21.5% versus 13.5%, respectively), but also reflect higher D values expected for AMP-1 than for AMP-2 on the basis of partitioning model (i.e., the apparent D values for amp are inferred to decrease with increasing distance from the vein) . Values of Tb, Yb and Lu for WR-3, AMP-3 and CPX-3 were also decreased by 10%, because D values for CPX-3 are assumed to be identical to the CPX-2 values.
On the scale of an individual clinopyroxene grain, the partitioning of the REE into surrounding minerals depends on the size and abundance of minerals immediately enclosing the cpx. In rocks composed of three or more uniformly distributed mineral phases that are similar in size and modal proportion (e.g., garnet pyroxenite), individual cpx grains are surrounded by a similar assemblage of minerals.
The partitioning of REE in cpx is accounted for by a model that assumes similarity of REE partitioning at all scales (i.e., equal weighting of the affinity of each mineral to partition the REE). In contrast, in rocks that contain minerals of different size and modal proportion (e.g., Iherzolites), REE partitioning in cpx is better described by a model based on the bulk modal abundance of minerals (i.e., weighting of the affinity of other minerals to partition the REE according to their modal proportions) .
Collectively, the REE composition of cpx separates in the studied peridotite appears to be influenced by a mineral assemblage that mimics the whole-rock mode. The similarity in REE abundance patterns between some cpx separates from pyroxene veins and their host peridotites as reported by Song and Frey (1989) support this interpretation. In these composite xenoliths, comparable REE patterns in cpx minerals contained in both the vein and peridotite are expected to be produced if REE partitioning into each cpx is influenced by the same whole-rock mineral assemblage.
CONCLUSIONS
The partitioning of REE among coexisting minerals in a crystalline rock is a more complex function of the mineral-melt partition coefficients than was previously considered. An empirical equation is devised that expresses the REE concentrations in a given mineral as a function of (1) the relative partitioning of the mineral to the overall partitioning of REE in the rock, expressed as D^^/sumD, and (2) the weight fraction of the mineral. The concept that REE partitioning among coexisting minerals is a function of the mineral assemblage successfully accounts for the range in abundance ratios found in coexisting mineral pairs. Calculations using the empirical equation and the REE concentrations of the constituent minerals can be used to estimate the weight fractions of minerals in a rock.
An alternate application that is stressed in this paper is to explain the observed partitioning of the REE between peridotite and an adjoining amphibole-bearing magma in the BA-2-1 sample. The REE abundance patterns in different subsamples of the composite Dish Hill xenolith are shown to be functions of (1) contrasting abilities of the peridotite and magma to partition the REE, expressed as D**/ (DWR+DAMP ) and (2) the relative proportions of the magma and the peridotite.
It is inferred that the initial temperature and cooling time of the melt is also important, but these factors cannot be quantified from this model. REE partitioning between melt and peridotite as a function of these parameters successfully accounts for the abundance patterns found in these rocks. Calculations using the empirical equation and the REE concentrations of the melt and peridotite can be used to estimate the weight fractions of the components that are metasomatized. The extent of LREE-enrichment quantifies the timetemperature conditions of the metasomatic process. Chondrite-normalized REE abundance patterns in whole-rock (square), clinopyroxene (diamond) and garnet (circle) from R7401 garnet pyroxenite, Salt Lake Crater, Hawaii (Reid and Frey, 1971) . Solid lines drawn through the plots represent the smoothed abundance data used to calculate the REE partition coefficients for garnet and the proportion of mineral phases: cpx, gar and ol+. Shimizu and Kushiro (1975) and Irving and Frey (1978) , respectively, obtained from garnet/basalt pairs.
The circles connected by a dashed line are the partition coefficients calculated in this study (see text). The REE abundances in the resultant crystallized amphibole and altered garnet pyroxenite are plotted as closed symbols and are calculated using the proposed mineral-mineral partitioning equation (Eqn. 4). Equilibrium conditions are assumed for REE partitioning. Chondrite-normalized REE abundance patterns of four whole-rock subsamples (WR-1 through WR-4) from the Ba-2-1 composite xenolith sample and of the amphibole-bearing vein. The amphibole REE concentrations represent the average of two compositions reported by Menzies, et al. (1985) . Chondrite-normalization values used are in ppm: La=0.311, Ce=0.813, Nd=0.604, Sm=0.196, Eu=0.074, Gd=0.26, Dy=0.323, Tb=0.047, Er=0.21, Yb=0.21, Lu=0.0323 . These values were obtained by multiplying 1.32 times the Cl compiled data of Anders and Ebihara (1982) . Chondrite-normalized REE abundance patterns of clinopyroxene separates (CPX-1 through CPX-4) from four subsamples of the Ba-2-1 composite xenolith and of a clinopyroxene separate from the Ba-1-72 xenolith (Menzies, et al., 1985) . The best fit (diamond) to the actual WR-1 pattern (filled square) requires the addition of about 8% amphibole to the WR-4 subsample. The best fit (open square) to the actual WR-2 pattern (circle) requires that 2% amphibole be added to the WR-4 subsample. The REE from the amphibole vein are partitioned into the peridotite with no or limited exchange among the components as indicated by variable shading of the subsamples. Weight ratios of XAMP/XSUBSAMPLE calculated by this model correspond to the same ratio calculated from the equilibrium version. Relative REE partition coefficients for amphibole, CPX-1 and WR-1 determined from modeling the amphibole:WR-1 system. The initial partition coefficients for amphibole and WR-1 are those obtained in the preliminary calculation using Eqn. 8 to determine the proportions of the phases involved in the REE partitioning process. The final partition coefficients are the further adjusted set of more internally consistent D values that are constrained to best account for the observed REE abundances in CPX-1. Calculated chondrite-normalized REE abundance patterns of the metasomatic components introduced to each whole-rock subsample. The presence of these components is assumed in the non-equilibrium versions of the partitioning model.
The REE patterns of the components are constrained by the REE abundances of the cpx separates in each subsample. The Ml concentrations are about 90% of the REE concentrations of the WR-1 subsample; the M2 concentrations are about 80% of the REE concentrations of the WR-2 subsample; and M3 are 50% of the REE concentrations of the WR-3 subsample. 
Fig. 10
Final, apparent REE partition coefficients for the amphibole in each subsystem and the operative REE partition coefficients for the clinopyroxenes and whole-rock subsamples. These final D values are based on the non-equilibrium version, but are adjusted in order to be more consistent with the modal compositions of the whole rocks. The adjustments were primarily made to the AMP-1, WR-1 and CPX-1 values and reflect the differences inferred between the modal compositions of the WR-1 and the WR-2 subsamples.
